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The extracellular matrix and in particular the basement membrane (BM) play an important role in the induction of
organotypic rearrangement of cells in culture. This process involves cell aggregation, sorting into epithelial and mesenchy-
mal components, epithelial cell polarization, and lumen formation. In this study, a combination of laminin (LM) and
heparan sulfate proteoglycan (HSPG), two major BM constituents, induced organotypic rearrangement of embryonic mouse
lung cells. In the absence of LM/HSPG supplementation, the cells sorted into epithelial and mesenchymal compartments
but epithelial cell polarization and lumen formation did not occur. Neither LM nor HSPG alone could trigger this process.
Synthetic peptide F-9, representing an amino acid sequence from the inner globular region of the lamininb1 chain (RYVVLP-
RPVCFEKGMNYTVR) induced organotypic cell rearrangement when substituted for LM. Exogenous LM as well as peptide
F-9 were localized at the epithelial ±mesenchymal interface of organotypic cultures, where a BM-like structure is formed
de novo. Organotypic cell rearrangement was blocked by heparin, heparan sulfate, or antibodies against peptide F-9. Binding
assays indicated that peptide F-9 interacts with HSPG but not with LM or type IV collagen. Preincubation of embryonic
lung cells with peptide F-9 resulted in a signi®cant increase in cell attachment to HSPG but not to other major BM
constituents. These ®ndings suggest that the interaction between LM and BM HSPG is critical for the development of
epithelial cell polarization and lumen formation. This interaction occurs at the epithelial±mesenchymal interface and is
mediated by a site in the LM molecule represented by peptide F-9 and the heparan sulfate groups of HSPG.
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INTRODUCTION according to the original architecture of the organ (Curtis
1960; Moscona 1961; McAteer et al., 1988; Schuger et al.,
Epithelial and mesenchymal cells from developing organs 1990b, 1992). This process, called organotypic cell rear-
cultured at a high cell density reaggregate and rearrange rangement, involves cell±cell recognition, sorting into ho-
motypic cell compartments (epithelial and mesenchymal),
and further interaction between heterotypic cell popula-1 To whom correspondence should be addressed at Department
tions resulting in cell polarization, lumen formation, andof Pathology, Wayne State University School of Medicine, Gordon
branching of a newly formed epithelium. Previous studiesH. Scott Hall of Basic Medical Sciences, 540 East Can®eld St.,
Detroit, MI 48201. Fax: (313) 577-0057. have indicated that organotypic cell rearrangement is medi-
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ated by the extracellular matrix and in particular by the chyme. The capacity of LM to interact with HSPG in the
induction of organotypic cell rearrangement was further local-basement membrane (BM)2 (Shannon et al., 1990; Schuger
et al., 1990b, 1992, 1995). Laminin (LM), type IV collagen, ized to a sequence from the inner globular region of the b1
chain of LM represented by peptide F-9 (RYVVLPRPVCFE-and heparan sulfate proteoglycans (HSPG) are the major
components of BMs (Martin and Timpl, 1987). Among KGMNYTVR), which has been shown to have heparin and
cell adhesion properties (Charonis et al., 1988; Skubitz et al.,them, LM (Shannon et al., 1990; Schuger et al., 1990a, 1991;
Rannels et al., 1987) and sulfated proteoglycans (Smith et 1990). When LM or peptide F-9 was added with HSPG to
mixed lung cell populations from early lungs, both accumu-al., 1990) have been shown to play a role in lung develop-
ment and differentiation. lated at the epithelial±mesenchymal interface and induced
cell polarization and lumen formation. The mechanisms ofLM as originally isolated from the Engelbreth±Holms±
Swam (EHS) tumor is a large (850 kDa) glycoprotein con- LM/HSPG interaction in the epithelial±mesenchymal inter-
face and how this interaction leads to epithelial cell polariza-sisting of three polypeptide chains, recently renamed as a1,
b1, and g1 (Burgeson et al., 1994) held together by disul®de tion and lumen formation are not completely elucidated. This
study suggests that LM±LM and LM±HSPG assembly at thebonds in a cross-shaped con®guration (Timpl et al., 1979).
LM is involved in two general types of interactions. First, epithelial±mesenchymal interface create a supramolecular
structure that directs epithelial cells to adhere in a preciseit binds to other BM constituents, such as type IV collagen,
entactin/nidogen, and HSPG, as well as to itself (Yurchenco, alignment. While the presence of LM facilitates epithelial cell
polarization, the development of a lumen involves HSPG. Be-1990), thereby determining the structure of BMs (Timpl and
Brown, 1994). Second, LM has the ability to interact with cause anti-LM antibodies that block epithelial polarization
also inhibit airway development (Schuger et al., 1991), thecell surface molecules and in¯uence cell adhesion, growth,
morphology, and migration (Timpl and Brown, 1994). As is establishment and maintenance of a polarized epithelium
with a lumen seem to be essential for the process of branchingthe case with many macromolecules, the biological activity
of LM is restricted to discrete domains within the molecule. morphogenesis.
Some of these domains have been shown to play a role in
lung morphogenesis (Matter and Laurie, 1994; Schuger et
al., 1995). Thus, the globular regions of the b1 and g1 chains MATERIALS AND METHODS
are involved in the process of BM assembly and cell polariza-
tion (Schuger et al., 1995), whereas the cross region (Schuger Reagents. LM, rabbit polyclonal antibody to mouse LM, type
IV collagen, Matrigel (a basement membrane extract obtained fromet al., 1995) and the carboxy terminus of the a chain (Matter
the EHS mouse tumor), and HSPG (Mr 270,000 r 400,000; obtainedand Laurie, 1994) mediate cell adhesion and epithelial cell
from the EHS mouse tumor) were purchased from Collaborativeproliferation in the developing lung.
Biomedical (Boston, MA). Heparin (porcine intestinal mucosa,LM expression is relatively low at the beginning of lung
grade I), heparan sulfate (bovine intestinal mucosa), chondroitinorganogenesis but increases up to 10-fold as development
sulfate (mixture of chondroitin sulfate A and C), and heparinase I
continues (Schuger et al., 1992). Furthermore, LM concen- were purchased from Sigma Chemical Co. (St. Louis, MO).
tration seems to be a major determinant in the production Peptide and antibody generation and substrata. Synthetic
of organotypic cell rearrangement. Thus, lung cells isolated peptides used in this study were derived from the b1 chain of EHS
during early organogenesis (Days 10±13 of gestation; begin- LM as follows: F-9, from the inner globular region of the b1 chain
(residue numbers 641±660; RYVVLPRPVCFEKGMNYTVR); F-11,ning of lung development is late on Day 9) do not rearrange
from the inner rod region of the b1 chain (residue numbers 960±spontaneously in organotypic patterns (Schuger et al.,
978; NIDTTDPEACDKDTGRCLK); F-16, from the long arm of the1990b), whereas cells from late organogenesis (Days 15±18
b1 chain (residue numbers 1685±1700; AQKTEESADARRKAEL);of gestation; end of gestation is Day 19) have the ability to
and F-18, from the inner globular region of the b1 chain (residuedo so (Schuger et al., 1992). In the early lung, the lack of
numbers 924±933; VCDPGYIGSR). A peptide with the scrambledspontaneous organotypic rearrangement is overcome by the
sequence of F-9 (sF-9: CGLKRENRVRYFMVPVTVPY) was also
addition of BM extracts and is blocked by antibodies against used. The peptides were chemically synthesized and HPLC puri®ed
LM (Schuger et al., 1990b, 1992). However, the addition of as previously described (Charonis et al., 1988). Rabbit polyclonal
LM results only in rudimentary organotypic cell rearrange- antibodies were generated against peptide F-9 and puri®ed immu-
ment (Schuger et al., 1990b), suggesting that other extracel- noglobulin was isolated as previously described (Skubitz et al.,
1990). Enzyme-linked immunosorbent assay (ELISA) showed nolular matrix/BM-related proteins may be involved in epithe-
cross-reactivity with type IV collagen, BM-derived HSPG, or entac-lial±mesenchymal morphogenesis.
tin (not shown). The antibody recognized b1 chain but not a1 orIn this study, a combination of LM and HSPG induced full
g1 in immunoblots of pure laminin. In addition, the antibody im-organotypic rearrangement of early lung cells, characterized
munoreacted with a 20,000 Mr LM proteolytic fragment referred asby the production of epithelial cysts surrounded by mesen-
E-10, which corresponds to the inner globular region of b1 and
includes the site represented by peptide F-9 (Yurchenco and Cheng,
1993) and not with fragments E4 (representing the outer globular2 Abbreviations used: LM, laminin; HSPG, heparan sulfate pro-
teoglycan; BM, basement membrane; EHS tumor, Engelbreth± region of b1 chain and domain V Mr 75,000) and E3 (consisting of
the distal two subdomains of the long-arm globule, a1 chain MrHolms±Swam tumor; PBS, phosphate-buffered saline; FBS, fetal
bovine serum; BSA, bovine serum albumin; MEM, minimal essen- 50,000) (not shown). A rabbit polyclonal antibody against the se-
quence CDPGYIGSR, which is one amino acid shorter than F-18,tial medium.
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was a gift from Dr. Hynda Kleinman. An af®nity chromatography- experiments that received a 200-fold excess of unlabeled peptide.
Nonspeci®c binding was 10±12% of the total binding and waspuri®ed rat monoclonal antibody against the carboxy terminus of
the a1 chain and recognizing a1 chain in immunoblots, referred as subtracted from all data points.
AL-4, was previously characterized (Skubitz et al., 1988). Cell adhesion assays. Eight-chamber glass slides (Nunc Inc.,
Naperville, IL) were coated with 5 to 25 mg/ chamber of LM, typeRadioiodination of the peptides. F-9, F-11, and sF-9 (100 mg)
were dissolved at 1 mg/ml in PBS and placed in a vial with 10 IV collagen, HSPG, or Matrigel, or 10 to 100 mg/ chamber of the
various peptides dissolved in PBS and dried overnight at room tem-mg of Iodogen (1,3,4,6-tetrachloro-3a-6a-diphenylglycouril, Sigma).
Radioactivity was added and the reaction was allowed to proceed perature. Some of the HSPG-coated chambers were incubated with
0.02 units/ml of heparinase for 45 min prior to adding the cells.for 15 min at room temperature. Labeled peptide was separated
from unreacted 125I by chromatography on a Sephadex G-25 column Additional chambers were either uncoated or coated with buffer
alone. The chambers were then washed with PBS and, in some(Sigma). Incorporation of 125I was assessed by precipitation of pep-
tide on ®lter paper with 10% trichloroacetic acid. Initial speci®c experiments, the unbound surfaces were subsequently blocked
with 0.1 ml of MEM containing 1.5% BSA for 30 min at 377C prioractivity was approximately 70, 70, and 85 mCi/mg for F-9, sF-9,
and F-11, respectively. to the addition of cells.
In additional experiments, cells at 2 1 106/ml in MEM containingGeneration of mixed lung cell populations. CD-1 strain
(Charles River) mice were mated and the day of ®nding a vaginal 0.02% BSA were incubated with and without the various peptides at
concentrations of 10 to 100 mg/ml for 1 hr. Cells were then washedplug was designated as Day 0 of embryonic development. Lungs
were removed from embryos at Days 11±12 and 17 of gestation, and 100 ml of the cell suspension was added to uncoated chambers.
Following a 1-hr incubation at 377C, the chambers were washed tominced, and placed in PBS containing 0.3% trypsin and 0.1% EDTA
for 10 min at 377C. A single cell suspension was obtained by forcing remove unattached cells and the attached cells were trypsinized and
counted. All of the experiments presented here were run in quadrupli-cell aggregates and pieces of tissue through a micropipet several
times. The cells were then ®ltered through a 100-mm-pore mesh and cate and repeated at least four times. The Student t test was used to
determine statistical signi®cance of the results.resuspended in minimal essential medium (MEM) (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS) Effect of anti-F-9 antibodies and heparan sulfate on organotypic
nonessential amino acids (Gibco), 0.29 mg/ml L-glutamine, 100 U/ pattern formation. Mixed lung cell populations isolated from
ml penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml amphoteri- Days 12 and 17 of gestation were established in separate suspension
cin B (Irvine Scienti®c, Santa Ana, CA). cultures. Organotypic formation occurred spontaneously in the cul-
ture of Day 17 cells and was induced in the early lung cells by LM/Organotypic cultures. These were carried out according to the
technique described by Moscona (1961). Mixed lung cell popula- HSPG or F-9/HSPG. At Time 0, 50 mg/ ml of puri®ed IgG generated
against peptide F-9 or normal rabbit IgG was added to the culturestions isolated from embryonic and fetal lungs were suspended at
densities of 5 to 10 1 106/ml in MEM containing 10% FBS. Two and then incubated for 24 hr. In other experiments, 1 nM to 1 mM
heparin or heparan sulfate was added instead of antibody. After 24milliliters of the cell suspension was added to 35-mm petri dishes
(Corning, NY). The dishes were then placed on a rotary shaker and hr in culture the number of epithelial cysts was determined.
rotated at a speed of 50 rpm at 377C in 5% CO2 to stimulate cell Immunohistochemistry. Immunolocalization of LM was per-
aggregation. In some experiments, Matrigel, LM, type IV collagen, formed in suspension organotypic cocultures. These were frozen
HSPG, or heparinase-treated HSPG (50 mg/ml HSPG incubated with and 10-mm sections were cut and collected on poly-L-lysine-coated
0.02 units/ml heparinase for 45 min) was added at Time 0 to the slides. Sections were dipped in PBS and ®xed in absolute alcohol
culture medium at concentrations ranging from 1 to 100 mg/ml. for 1 min. Sections were then exposed to 5% normal goat serum
Peptides were added at concentrations ranging from 10 to 200 mg/ followed by treatment with a 1:50 dilution of anti-laminin antibody
ml. The cocultures were typically incubated for 24 hr, and occasion- or control IgG for 45 min at room temperature. The sections were
ally for 3 days. then washed in PBS and exposed to a 1:50 dilution of the secondary
antibody (FITC-conjugated goat anti-rabbit IgG; Cappel, Malvern,As means to quantitate the extent of organotypic formation, sec-
tions of the organotypic cultures were stained with hematoxylin and PA) for 30 min at room temperature. Sections were washed exten-
sively in PBS and coverslips were mounted with glycerol containingeosin and the number of clusters of polarized epithelial cells per square
millimeter was determined. Epithelial cells were considered polarized 0.1% phenylenediamine (Sigma). As an additional control, sections
were treated with PBS containing no primary immunoglobulin.when they formed small cysts with a central lumen and the cells
adopted a polarized distribution of nucleus and cytoplasm (in vivo To visualize peptide F-9 bound to lung cells, live embryonic lung
the embryonic lung epithelium is cuboidal with a basal nucleus and cells were immunostained in suspension using a similar protocol
an apical cytoplasm). Previous electron microscopic studies con®rmed with some modi®cations. First, the cells were isolated from pri-
the presence of ultrastructural hallmarks characteristic of a polarized mary cultures by trypsinization, incubated with 50mg/ml of peptide
epithelium in these cysts (Schuger et al., 1995). F-9 for 45 min at 377C, pelleted, washed several times, and then
immunostained at 47C in suspension with anti-F-9 antibody, 1:50Binding of peptide F-9 to BM constituents. Quadruplicate
wells of a 96-well plate (Corning) were coated with various concen- dilution, using a streptavidin±biotin kit (Dako, Carpinteria, CA)
following the manufacturer's instructions. Frozen sections of sus-trations of LM, type IV collagen, HSPG, or Matrigel dissolved in
phosphate-buffered saline (PBS), with PBS alone, or used as a bare pension cultures were immunostained with an anti-keratin anti-
body (Dako) as previously described (Schuger et al., 1995) to identifyplastic surface. The plates were then washed with PBS and incu-
bated for 1 hr at 47C in MEM containing 0.1% BSA and approxi- epithelial cells using the same streptavidin±biotin kit.
mately 105 cpm of 125I-labeled peptide F-9, 125I-labeled peptide sF- Conjugation of peptide F-9 with ¯uorescein-5-isothiocyanate
9, or 125I-labeled peptide F-11. The plates were then washed again (FITC). This was carried out by a modi®cation of the technique
with PBS and sodium dodecyl sulfate (2.5%) was added to each described by Goding (1976). Brie¯y, 1 mg/ml of peptide F-9 in 0.1
well to dissolve the various matrices. These were collected and the M sodium carbonate buffer, pH 9.5, was incubated at 47C with 25
amount of radioactive peptide bound to each well was determined ml of FITC (Molecular Probes, Eugene, OR) dissolved in DMSO at
1 mg/ml. Then NH4 Cl was added at a ®nal concentration of 50 mM.in a gamma counter. Nonspeci®c binding was assessed in parallel
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The mixture was incubated for 2 hr at 47C and then the reaction was cysts formed in the presence of each treatment was quanti-
stopped with 0.15 M hydroxylamine. The free FITC was separated tated and the results are presented in Fig. 2.
from the FITC±peptide conjugates by chromatography on a Sepha- Effect of peptides on organotypic cocultures. The addi-
dex G-25 column equilibrated with 11 PBS. Optical density was tion of 80 to 200 mg/ml of peptide F-9 to lung cell cocultures
taken for peptide (at 280 nm) and FITC (at 495 nm) and the ¯uoro- resulted in a rudimentary organotypic pattern with the ap-
chrome:protein ratio was calculated as 0.8 (optimal range 0.3±1.0).
pearance of occasional epithelial cysts without a lumen (Fig.
3a). When concentrations of peptide F-9 less than 80 mg/ml
were added, no cysts were seen. However, peptide F-9 at 80
RESULTS mg/ml or higher in combination with 20 mg/ml HSPG in-
duced a complex organotypic cell rearrangement similar to
that produced by LM and HSPG (Figs. 3a and 3b). FITC-Effect of Matrigel, type IV collagen, LM, and HSPG in
organotypic cultures of early lung cells. Mixed cell popu- conjugated peptide F-9 was localized at the epithelial ±mes-
enchymal interface (Fig. 3c). As a control, a similar concen-lations isolated from Days 11 to 12 of gestation established
in rotary cocultures reaggregated into clusters but did not tration of FITC alone did not accumulate at this site (Fig.
3d). Addition of peptide F-11 (not shown), F-16 (not shown),rearrange to form organotypic patterns (Fig. 1a). Studies us-
ing anti-keratin antibodies to trace epithelial cells indicated F-18, or sF-9 in the presence or absence of HSPG did not
result in organotypic pattern formation at any concentra-that cell sorting into epithelial and mesenchymal compart-
ments occurred, but epithelial cells did not polarize or pro- tion used (80 to 200 mg/ml) (Fig. 3a).
Effect of heparin, heparan sulfate, and anti-F-9 antibod-duce a central lumen (Fig. 1e). To verify that the lack of
organotypic formation was not due to the death of one of ies on spontaneous and induced organotypic formation.
The organotypic pattern induced in Day 12 lung coculturesthe main cell populations (epithelial or mesenchymal), the
cells were trypsinized at Time 0 and after 24 and 48 hr in by LM/HSPG was completely blocked by 50 mg/ml of anti-
peptide F-9 antibody. Similarly, the spontaneous organo-rotary culture, plated as a monolayer, and immunostained
with anti-keratin antibodies to identify the epithelial cells. typic rearrangement that occurs among mixed lung cell
populations from late developmental stages (Days 16±17Keratin-negative cells were considered mesenchymal cells.
A similar mesenchymal:epithelial ratio (3±4:1) was found of gestation) was blocked by 50 and 100 mg/ml of anti-F-
9 antibody but not by similar concentrations of anti-F-18at the beginning and at the end of the culture period, indicat-
ing that the lack of organotypic formation was not due to antibody or control immunoglobulin (Fig. 4a) The effect of
anti-F-9 antibody was abolished by preincubation with 100the absence of one of the two cell types.
The addition of 10 to 50 mg/ ml of Matrigel to the cultures mg/ml of LM (control, 45 { 6 cysts; 50 mg/ml x-F9, 10 { 2
cysts; 50 mg/ml x-F-9/ 100 mg/ml LM, 48 { 6 cysts; notfrom Days 11 to 12 of gestation resulted in organotypic
cell rearrangement, characterized by the formation of small shown). The addition of heparan sulfate at concentrations
ranging from 1 nM to 1 mM in the culture medium alsoepithelial cysts surrounded by mesenchyme. The cysts had
a polarized epithelium with a basal nucleus and an apical resulted in complete inhibition of both spontaneous and
induced organotypic rearrangement (Fig. 4b) Similar resultscytoplasm (Fig. 1b). Epithelial cyst formation was graduated
by counting the number of cysts per 3 mm2. In the case of were observed when heparin was used instead of heparan
sulfate. Addition of chondroitin sulfate did not have an ef-50 mg/ml of Matrigel, 17 { 2 cysts were detected (Fig. 2).
The addition of 10 to 50 mg/ml of LM resulted in very rudi- fect on organotypic pattern formation (not shown).
Adhesion of epithelial and mesenchymal cells to pep-mentary organotypic rearrangement involving mainly the
epithelial cells, which formed small cysts with minimal or tides. Epithelial and mesenchymal cells isolated from fe-
tal lungs bound to plastic surfaces coated with peptides F-no lumen (Fig. 1c). An average of 4 { 2 epithelial cysts
was detected in cultures containing 50 mg/ml (Fig. 2). These 9 and F-18 in a concentration-dependent manner (Fig. 5a).
Similarly, lung cells preincubated with these two peptidesresults con®rmed previous studies in which Matrigel and
LM were used as surface-coating gels (Schuger et al., 1990b). bound to uncoated plastic surfaces in greater numbers than
untreated cells (not shown). Immunohistochemical stainingNeither HSPG nor type IV collagen caused organotypic rear-
rangement and no epithelial cysts were detected (Fig. 2). A of lung cell suspensions incubated with peptide F-9 con-
®rmed that this peptide binds to the surface of embryoniccombination of LM and HSPG at a minimal concentration
of 40 and 20 mg/ml, respectively, induced full organotypic lung cells (Figs. 5b and 5c). Peptides sF-9, F-11, and F-16,
whether applied to the culture surface or incubated withpattern formation of a complexity similar to that obtained
in the presence of Matrigel (Figs. 1d, 1f, and 1g) (LM in the the cells prior to plating, did not promote cell adhesion.
F-9 binding to BM constituents. 125I-labeled peptide F-epithelial±mesenchymal interface). This was abolished by
pretreatment of HSPG with 0.02 U/ml heparinase. The 9, but not sF-9 or F-11, bound to HSPG (50 mg/well) in a
concentration-dependent manner (Fig. 6). Binding was abol-number of epithelial cysts formed (15 { 3) in the presence
of LM and HSPG combined was similar to that observed ished by treatment of HSPG with heparinase (not shown).
The peptide did not bind to similar amounts of LM or typein the presence of Matrigel (Fig. 2). Other combinations,
including LM with type IV collagen or type IV collagen IV collagen (not shown).
Binding of peptide-coated cells to BM constituents.with HSPG (10 to 50 mg/ml), were not effective in inducing
organotypic patterns (not shown). The number of epithelial Cells pre adsorbed with peptide F-9 bound to HSPG-coated
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FIG. 1. Effect of Matrigel, LM, and LM/HSPG on organotypic pattern formation. Mixed lung cell populations isolated from Day 12 lungs
were established in suspension (rotary) culture in the absence of extracellular matrix supplementation (a and e) or in the presence of
Matrigel (b), LM (c), and LM/HSPG (d, f, and g). After 24 hr in culture, lung cells without matrix supplementation failed to rearrange
organotypically (a). However, sorting into epithelial and mesenchymal compartments occurred as shown (e). This picture reveals an
irregularly shaped cluster of epithelial cells (arrowheads) stained brown with antibodies to keratin, surrounded by mesenchymal cells; the
slide is counterstained with hematoxylin (blue). Cells cultured in the presence of Matrigel were sorted into epithelial and mesenchymal
compartments, and the epithelial cells recreated an epithelium and formed cysts (arrowheads) with central lumen (L), while the mesenchy-
mal cells rearranged around them (b). Cells cultured in the presence of LM formed a few small epithelial cysts with rudimentary or no
lumen (arrowheads) surrounded by a mass of unpolarized mesenchymal cells (c). Cells exposed to LM/HSPG rearranged in organotypic
patterns of a complexity similar to that observed when supplementing Matrigel to the cultures (d, f, and g). (f) Immunostain with anti-
keratin antibodies shows a cyst with central lumen (L) lined by epithelial cells. (g) Immuno¯uorescence detection of LM at the epithelial±
mesenchymal interface of a developing airway (arrowheads) (L, lumen). Scale bars: a±d, 50 mm; e±g, 15 mm.
09-23-96 15:09:43 dbal AP: Dev Bio
269
09-23-96 15:09:43 dbal AP: Dev Bio
270 Schuger et al.
patterns mimicking the tissue of origin. While fetal cells
(late organogenesis) require solely continuous cell±cell con-
tact to rearrange organotypically, embryonic cells (early or-
ganogenesis) need additional BM matrix supplementation
(Schuger et al., 1990b). Among the major BM constituents,
only exogenous LM induces organotypic cell rearrangement
of embryonic mouse lung cells (Schuger et al., 1990b). How-
ever, the three-dimensional patterns formed in the presence
of LM are rudimentary, suggesting the participation of oth-
er(s) BM component(s) in early lung development.
In this study a combination of LM- and BM-derived HSPG
induced full organotypic rearrangement of embryonic
mouse lung cells. This was characterized by cell aggrega-
tion, homotypic sorting into epithelial and mesenchymal
compartments, epithelial cell polarization, and production
FIG. 2. Quantitation of epithelial cyst formation. Mixed lung of epithelial cysts surrounded by mesenchyme. In the ab-
cell populations isolated from Day 12 lungs were established in sence of LM/HSPG supplementation, the cells still reaggre-
suspension (rotary) culture in the presence of Matrigel (Mgel), gated and sorted into epithelial and mesenchymal compart-
LM, HSPG, type IV collagen, LM/HSPG, LM/HSPG/ 0.02 units/ ments, but epithelial cell polarization and lumen formation
ml heparinase, or left untreated (Ctrol). After 24 hr the cultures
did not occur. Both LM and sulfated proteoglycans havewere ®xed, sectioned, and stained with hematoxylin and eosin.
been previously shown to play a role in lung morphogenesis.The number of clusters of epithelial cells that polarized forming
LM has been implicated in the process of branching mor-cysts was determined per square millimeter. The increment in
phogenesis (Schuger et al., 1990a, 1991) and sulfated proteo-the number of epithelial cysts produced in the presence of Matri-
gel, LM, and LM/HSPG was statistically signi®cant compared to glycans have been shown to play a role in epithelial cell
control (P  0.0001, 0.05, and 0.0001, respectively). LM/HSPG- differentiation (Smith et al., 1990). However, their func-
induced organotypic cell rearrangement was abolished by pre- tional interaction during early lung development and its
treatment of HSPG with heparinase. relevance for the establishment of a polarized epithelium
was not previously established.
One of the LM heparin-binding sites, and therefore puta-
surfaces but not to uncoated surfaces or surfaces coated tive sites for LM interaction with HSPG, is located in the
with LM or type IV collagen. Binding was abolished by treat- inner globular region of the b1 chain and has been localized
ment of the HSPG with heparinase prior to adding the cells to a short amino acid sequence (Charonis et al., 1988). A
(Fig. 7). In contrast, cells coated with peptide F-18 did not synthetic peptide representing this sequence, referred to as
bind to plastic coated with the various substrata differently peptide F-9, was suf®cient to substitute for exogenous LM
than to uncoated tissue culture plastic (Fig. 7). Immunohis- in the promotion of organotypic cell rearrangement. The
tochemical analysis of the attached cells with anti-keratin functional involvement of this site was further supported
antibodies indicated no difference in the epithelial/mesen- by inhibition of cell response to LM/HSPG with antibodies
chymal ratio between the different treatments (not shown). against peptide F-9, but not against peptide F-18. Organo-
typic cell rearrangement was also blocked by heparin and
heparan sulfate, sustaining the participation of HSPG inDISCUSSION
this process. The fact that peptide F-9 binds to HSPG but
not to heparinase-treated HSPG, LM, or type IV collagenMixed cell populations from developing organs cultured
at high cell densities can rearrange into three-dimensional suggests that LM±HSPG interaction may be mediated by
FIG. 3. Effect of synthetic peptides on organotypic pattern formation. (a) Mixed lung cell populations isolated from Day 12 lungs were
established in suspension culture in the presence of peptide F-9, a combination of peptide F-9 and HSPG, peptide sF-9, a combination of
peptide sF-9 and HSPG, peptide F-18, or a combination of peptide F-18 and HSPG. After 24 hr, the cocultures exposed to F-9/HSPG
exhibited a statistically signi®cant (P  0.003) higher number of epithelial cysts than the cocultures exposed to the other treatments. (b)
Organotypic rearrangement of cells occurring in the presence of F-9/HSPG (80 and 20 mg/ml, respectively). (c) Accumulation of FITC-
conjugated peptide F-9 at the epithelial ±mesenchymal interface of cysts in a F-9/HSPG-treated culture (arrowheads). (d) Control cultures
established in the presence of unconjugated FITC show no ¯uorochrome accumulation (L, lumen). Scale bars: b, 50 mm; c, 15 mm; d, same
magni®cation as c.
FIG. 5. (a) Lung cell binding to various synthetic peptides. Mixed lung cell populations from fetal lung were plated on peptides F-9, sF-
9, F-11, F-16, and F-18 and dried onto a plastic surface. The number of attached cells was determined 1 hr later by trypsinization and
counting. Peptides F-9 and F-18 promoted cell attachment in a concentration-dependent, statistically signi®cant manner (P  0.0001),
whereas peptides sF-9, F-11, and F-16 did not. (b) Peptide F-9 adsorbed to the cells is identi®ed by anti-F-9 antibody (brown), compared to
control cells exposed only to anti-F-9 antibody (c).
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FIG. 6. Binding of radioiodinated F-9 to various substrata. Fifty
micrograms of HSPG, LM, and type IV collagen (C-IV) was dried
onto a plastic surface. Increasing concentrations of 125I-labeled
F-9 were added to the wells and binding to each substrate was
determined. HSPG promoted cell attachment in a concentration-
dependent, statistically signi®cant manner (P  0.001), whereas
LM and C-IV did not.
the LM site represented by peptide F-9 interacting with
the heparan sulfate groups in HSPG. It should be men-
tioned that LM proteolytic fragment E10, which includes
the amino acid sequence represented by peptide F-9, had
been shown not to bind heparin (Mann et al., 1988). How-
ever, fragment E10 is formed by an incomplete LM glob-
ule and this might result in an altered tertiary con®gura-
tion. LM b1 inner globule extends from amino acid 520
to amino acid 750 (Sasaki et al., 1987) and fragment E10
starts with amino acid 569 (Mann et al., 1988). Because
FIG. 4. Effect of anti-F-9 antibodies and heparan sulfate on organo- changes in size as well as production of new carboxy and
typic pattern formation. (a) Mixed lung cell populations isolated N-termini due to proteolytic cleavage may lead to
from Days 12 and 17 of gestation were established in separate sus- changes in the tertiary structure of globular proteins, it
pension cultures. Organotypic formation occurred spontaneously might be possible that generation of fragment E10 alters
in the culture of Day 17 cells and was induced in the early lung the native con®guration of the laminin b1 chain inner
cells by LM/HSPG. Wells were supplemented at Time 0 with anti-
globule hindering the amino acid sequence representedF-9 antibody, anti-F-18 antibody, a similar concentration of normal
by F-9.rabbit IgG, or left untreated. After 24 hr in culture, the number of
The mechanism whereby LM/HSPG induces organotypicepithelial cysts was determined. Anti-F-9 antibody, but not anti-F-
cell rearrangement is only partially understood; however,18 antibody or control immunoglobulin, blocked organotypic pat-
our studies indicated a role in cell polarization and lumentern formation in a statistically signi®cant manner (P  0.005). (b)
Immunoblot on embryonic lung lysates using anti-F-9 (lane 1) and formation. Immunohistochemical studies with anti-LM an-
a polyclonal anti-LM antibody (lane 2). Anti-F-9 antibody immu- tibodies and conjugation of peptide F-9 with a vital ¯uoro-
noreacted only with b1 chain while polyclonal anti-LM antibody chrome showed that both accumulate at the epithelial±
immunoreacted with a1, b1, and g1 chains (their position respec- mesenchymal interface. According to the model proposed
tively marked from top to bottom by arrowheads). The additional by Yurchenco (1990), the basic framework of a BM consists
band noted is commonly seen in preparations from embryonic
of independent polymers of LM and type IV collagen; theselungs and may represent merosin. (d) F-9/HSPG-induced organo-
are interconnected by entactin and decorated with HSPGtypic cocultures were supplemented with various concentrations of
oligomers. The LM polymer is formed by assembly of LMheparan sulfate at Time 0. After 24 hr in culture, a dose-dependent
molecules through the outer globular regions of its shortinhibition of organotypic pattern formation was observed.
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arin-binding epidermal growth factor (Higashiyama et al.,
1991), and others (Vlodavsky et al., 1993; Rosen et al., 1994)
to the BM. Among them, hepatocyte growth factor/scatter
factor has been shown to be produced by lung ®broblasts
and to have a paracrine mitogenic effect on bronchial epi-
thelium (Rubin et al., 1991). It also induced tubule forma-
tion in kidney cells (Montesano et al., 1991; Santos et al.,
1993). The stimulation of epithelial cell proliferation pro-
duced by these factors could lead to enlargement of the
cysts and the consequent development of a central lumen.
In addition, HSPG may facilitate ¯uid passage from the
tissue to the luminal space due to its role in BM charge-
dependent selective ®ltration (Farquhar et al., 1982).
The ability of peptide F-9 to promote organotypic pattern
formation supports the active role of this LM site in mor-
phogenesis. However, it is highly unlikely that F-9 alone
could induce such complex process without the additional
participation of endogenously produced LM. Unpublished
observations indicate that the process of organotypic cell
rearrangement can only be triggered within the ®rst hours of
FIG. 7. Attachment of peptide-coated cells to various substrata. culture, before ®rm cell±cell attachments are established.
Note signi®cantly higher attachment to HSPG (P  0.001) which Previous studies indicated that the amount of LM synthe-
is abolished by pretreatment of substrate with 0.02 U/ml of hepa-
sized by embryonic cells is very low (10-fold less than thatrinase.
produced by their fetal counterparts, Schuger et al., 1992)
and therefore exogenous LM is needed to trigger cell rear-
rangement. Based on that, one possibility is that peptide F-
9 initiates the process of cell rearrangement which is thenarms (Yurchenco et al., 1992; Yurchenko and Cheng, 1993).
completed by endogenously produced LM. Because peptideHSPG oligomers are bound to LM in the BM by their hep-
F-9 can bind concomitantly to cells and BM HSPG, its rolearan sulfate chains (Yurchenco et al., 1987).
could be mediating cell attachment to BM-derived HSPGWe propose that LM and HSPG interact in vitro to form
localized at the epithelial±mesenchymal interface. It is im-a BM-like supramolecular structure with a con®guration
portant to stress that during branching morphogenesis a BMsimilar to the meshwork formed by LM and HSPG in the
is being formed at the tips of the growing buds and whetherBM in vivo. This structure is suf®cient to direct the cells
or not the effect of peptide F-9 is only an in vitro phenome-to polarize and to form a central lumen in the absence of
non, it suggests that interaction of cells with HSPG mayother BM constituents. The active role of LM in the induc-
be an early and critical event in BM formation.tion of cell polarization has been supported by previous
In summary, this study and our previous study (Schugerstudies showing that antibodies blocking the outer region
et al., 1995) suggest that during organogenesis the presenceof b1 and g1 chains and therefore disturbing b1-g1 chain
of LM at the epithelial±mesenchymal interface is criticalinteraction produced severe alterations in LM self-assembly
for the establishment and maintenance of a polarized epi-resulting in the absence of BM LM and the lack of epithelial
thelium and a patent lumen. LM molecules bind to eachcell polarization (Schuger et al., 1995).
other through the outer globules of b1 and g1 chains andLung cells may bind to BM LM through at least two sites,
to HSPG through a site found in the inner globular regionnamely, the carboxy terminal globular region of the a chain
of the b1 chain represented by peptide F-9. LM±LM andand the cross-intersection (Matters and Laurie, 1994;
LM±HSPG assembly leads to a BM-like polymer at the epi-Schuger et al., 1995). Based on our studies, lung cells may
thelial±mesenchymal interface that directs cells bound toalso bind to BM HSPG via their surface LM, as suggested
it to align in a certain fashion. While the presence of LMby the binding of F-9-coated cells to HSPG. One possibility
facilitates epithelial cell polarization, the development of ais that LM variants lacking the outer globular region of their
lumen requires HSPG, at least during early lung organogen-short arms, such as LMs 5, 6, and 7 (Timpl and Brown,
esis. Because anti-LM antibodies that block epithelial polar-1994), participate in cell binding to BM HSPG, whereas LMs
ization also inhibit airway development (Schuger et al.,possessing the outer globules, such as LMs 1, 2, 3, and 4
1991), the establishment and maintenance of a polarized(Timpl and Brown, 1994), are mainly involved in LM poly-
epithelium with central lumen seems to be essential for themerization.
process of branching morphogenesis.Because LM alone induces epithelial cysts with minimal
or no lumen, the presence of HSPG seems to speci®cally
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